Thermo-mechanical reliability of the solder bumped flip chip packages having underfill encapsulant was evaluated with thermal shock testing. In the initial reaction, the reaction product between the solder and Cu mini bump of chip side was Cu 6 Sn 5 IMC layer, while the two phases which were (Cu,Ni) 6 Sn 5 and (Ni,Cu) 3 Sn 4 were formed between the solder and electroless Ni-P layer of the package side. A crack was formed at the upper edge region of solder bump, and propagated through the solder region. The primary failure mechanism of the solder joints in this type of package was confirmed to be thermally activated solder fatigue failure. After thermal shocks of 2000 cycles, one more crack which was not observed in the case of non-underfill encapsulated flip chip was observed at the left side of interface between solder bump and substrate. The addition of this crack formation should be due to the underfill encapsulation between the Si chip and substrate.
Introduction
Flip chip package is used in a wide variety of portable applications, in which high density packaging, miniaturization, and multiple functions are particularly demanded. This package provides a solution for achieving high density and high performance packaging [1] . Current issues in the applications of the package include availability, cost, testability, assembly-inspection and rework methods, etc. Solder joint reliability is one of the most critical issues in the development of these technologies [2] . The solder joints in a flip chip package serve as a mechanical mechanism for resisting the thermal deformation induced by the coefficient of thermal expansion (CTE) mismatch between the silicon die and substrate. Resulting from the mismatch in the CTE of chip and substrate, thermally-activated solder fatigue and a premature brittle interfacial fracture at the intermetallic compound (IMC) layers are the major wear-out failure modes in the flip chip packages. The thermal fatigue process involves microcrack initiation and coalescence followed by crack propagation.
From our previous studies, it could be known that the fatigue failures occur as a result of damage in the solders produced by the cyclic inelastic strains [3, 4] . On the other hand, the brittle nature of the IMC layers between the solder and under bump metallization is the driving force for the premature brittle interfacial fractures. The brittle interfacial fracture was occurred at the substrate side interfacial region irrespective of testing time, while the fatigue failure was occurred after a specific testing time. However, the previous studies were focused on the reliability evaluation of the flip chip package without underfill encapsulation. In general applications of the flip chip packages, the solder joint structure includes an underfill encapsulation between the silicon die and the polymeric substrate, which dissipates thermally induced stress caused by mismatches between the silicon and the substrate, allowing good solder joint reliability under thermal shock and temperature cycling. Therefore, this study was conducted to understand the thermo-mechanical behaviors of the flip chip package with Sn-3.0Ag-0.5Cu and a specific underfill encapsulation employing the thermal shock testing.
Experimental Procedure
The flip chip solder bumping process we conducted is shown in Fig. 1 . The solder composition used in this study was Sn-3.0Ag-0.5Cu (in mass %). Silicon wafers of 4 inches in diameter were sputtered with Ti of 0.2 ㎛-thickness and Cu of 0.8 ㎛-thickness. The metallized wafers had area array pad arrangements at 500 ㎛ pitch with rectangular pad opening of 130 ㎛ in width. The bumping for the flip chip devices was performed using an electrolytic Cu in thickness of about 10 ㎛. Solder paste was applied by stencil printing method and subsequent reflow employing an IR four zone reflow machine a maximum temperature of 523 K for 60s. After reflow, the average solder bump height and diameter were about 145 and 190 ㎛, respectively. Then, the solder bumped chip was bonded to bismaleimide triazine (BT) substrate using a flip chip bonder. Finally, the underfill was encapsulated between the Si chip and BT substrate. The reliability of the flip chip bonded packages was tested by means of thermal shock in the range 233 K to 398 K (15 min cycle time, air to air, 6 min dwelling time). The cross-section was conducted through the diagonal line of the package. Nital etching solution was employed for the purpose of metallographic observation. The microstructural observation was conducted with SEM, and the resulting IMCs were measured by EPMA. Fig. 2  (a) is indicating the first four solder bumps from the edge of the package. The other figures are the magnified views of the corner solder bump which is indicated by a hollow square in Fig. 2 (a) . As can be seen in Fig. 2 (b) , the solder bump was well shaped and firmly bonded to both the chip side under bump metallization (Cu mini bump) and package side plating layer (electroless Ni-P). At the chip side interface between the solder and Cu mini bump, a layer of Cu 6 Sn 5 IMC was formed in thickness of about 1.5 ㎛. However, the EPMA element analyses revealed that the reaction products between the solder and electroless Ni-P layer at the package side interface were composed of two different phases which were (Ni,Cu) 3 Sn 4 and (Cu,Ni) 6 Sn 5 . Some Cu 6 Sn 5 particles were distributed within the solder, and this kinds of IMC particles were considered to be one of the influential factors controlling the mechanical properties and reliability of the solder. Fig. 3 shows the solder joints after thermal shocks of 1800 cycles. A crack initiated at the tip of the Cu 6 Sn 5 IMC layer, and then grew through the solder region near the IMC layer and broken IMC particles. This means that the crack did not propagate along the solder joint/Cu mini bump interface but inside the solder material with a route of saw-tooth-type and an overall direction of paralleling with the Cu bump. This is the well known fatigue crack formation in the bulk of the solder, along a rather straight horizontal path following the direction of the highest strain. From these results, it could be concluded that the major failure mechanism of this type of the package and solder composition in the thermal shock test is the thermally activated fatigue crack formation. This shows that the various life prediction methods of the soldered packages such as the energy based or strain based models could be applied to this type of package.
Results and Discussion
Materials Science Forum Vols. 544-545 623 Fig. 4 Diagonal cross-sectional SEM images of solder joints after 2000 cycles of thermal shock. Fig. 4 shows the solder bumps after 2000 cycles of thermal shock. The upper crack was more widened than that of 1800 cycles of thermal shock because of additional thermal deformation of the solder bumps during additional thermal shocks. It should be noted that one more crack was formed at the left side of the interface between solder bump and substrate. This crack is not one shown in the case of solder joints without underfill, therefore, this crack formation should by affected by the thermo-mechanical properties of the underfill encapsulant. The crack also initiated at the tip of the IMC layer, but propagated through the solder region which is also a kind of thermal fatigue crack, however, the mechanism for the formation of this crack is not well known. More detailed analysis should be conducted employing some other tools like finite element modeling to know the failure mechanism.
Summary A crack which was also observed in the non-underfill-encapsulated cases was formed at the upper edge region of solder bump, and propagated through the solder region. Therefore, the primary failure mechanism of the solder joints in this type of package was the thermally activated solder fatigue failure. One more crack was formed at the interface between the solder and substrate, but the mechanism for the formation of this crack was not well known. This crack might be formed due to the additional encapsulation of the underfill between the Si chip and BT substrate.
